• Pochonia chlamydosporia is able to trigger resistance against Meloidogyne javanica in tomato plants.
Induction of resistance in tomato against

HIGHLIGHTS
• Pochonia chlamydosporia is able to trigger resistance against Meloidogyne javanica in tomato plants.
• The plant defense responses induced by P. chlamydosporia involve polyphenoloxidases and peroxidases activities • The combined application of P. chlamydosporia and resistance inducers decreases the capacity of P. chlamydosporia to trigger local induced resistance.
• Application of acibenzolar-S-methyl, methyl jasmonate and ethephon interfere with the colonization process by P. chlamydosporia.
INTRODUCTION
Plant parasitic nematodes are important pathogens in agriculture because they cause large social and economic impacts [1, 2] . Losses caused by these plant pathogens are estimated at US$157 million per year worldwide [3] . The genus Meloidogyne, known as root-knot nematode, comprises more than 80 species, and M. incognita (Kofoid & White) Chitwood, M. javanica, (Treub) Chitwood M. arenaria (Neal) Chitwood, and M. hapla Chitwood are the most polyphagous and common ones [4] . The life cycle ORIGINAL ARTICLE of Meloidogyne comprises an egg, four juvenile (J 1 -J 4 ) stages and an adult stage, with the J 2 being the infective stage. Its duration depends on both the nematode species and environmental conditions; however, it usually lasts three to six weeks [5] . The root-knot nematodes feed on root cells, which induce a massive transcriptional reprogramming that culminates in cell hypertrophy and hyperplasia. These responses, in turn, lead to gall formation [6] . Historically, the methods for nematode control were based on the application of nematicides, before or after planting [7] . Moreover, host resistance to plant pathogens can be induced by the application of abiotic and/or biotic agents, which results in broad-spectrum responses. For instance, some of these agents involve salicylic acid (SA) and jasmonic acid (JA) as key signaling molecules [8] . Acibenzolar-S-methyl (ASM), methyl jasmonate (MeJa), and ethephon (Et) are examples of synthetic chemicals able to trigger the activation of mechanisms of host resistance [9] . In general, those inducers elicit both a systemic acquired resistance (SAR) and an induced systemic resistance (ISR) [10] . In addition to synthetic chemical inducers, several reports have shown the efficiency of microorganisms, such as rhizobacteria and fungi, in controlling different plant parasitic nematodes such as Meloidogyne spp. [11] , Pratylenchus penetrans (Coob) Filipjev & Stekhoven, Radopholus similis (Cobb) Thorne [12, 13] , and Xiphinema index Thorne & Allen [14] . Such microorganisms are able to induce resistance through the activation of the SA and JA/ethylene pathways [15, 16] , which prompts the production of reactive oxygen species [11] , phenolic compounds and PR proteins [14] . In an evolutionary perspective, the induction of resistance is favored by natural selection, since the host defense responses are produced only in the presence of a certain stresses such as those caused by pathogen infection [17] . Thus, this process assists the balance between the activation of host defenses and the cost involved in each one of these processes [18, 19] . The fungus Pochonia chlamydosporia (Goddard) Gams & Zare has a worldwide distribution and is one of the most studied biocontrol agents of sedentary endoparasitic nematodes [20] . This fungus is able to colonize the root surface and to parasitize nematode eggs and females [21] . The first reports about P. chlamydosporia parasitizing nematodes were found in Heterodera schachtii Schimidt [22] and Heterodera avenae Woll [23] eggs and, since then, this activity has often been associated with soil suppressiveness [24] . The easy laboratory culturing, access to strains, and effectiveness of nematode control have been contributed to the extensive use of P. chlamydosporia as a biological control agent [20] . Recently, P. chlamydosporia had its genome sequenced, and several genes encoding hydrolytic enzymes, such as proteases, esterases, hydrolases, and carbohydrate glycosides [25] , were found. Thus, these findings confirm its potential as a biocontrol agent.
Considering the ability of P. chlamydosporia for controlling plant-parasitic nematodes by direct parasitism and the lack of studies about its other modes of action, the aim of the present study was to evaluate the efficiency of this fungus to control M. javanica in tomato roots through the induction of local resistance and to measure the activities of defense enzymes in this process.
MATERIAL AND METHODS
Plant growth
Tomato seeds cv. Santa Clara were surface-sterilized in 70% ethanol for 5 min and in 10% NaOCl for 2 min, rinsed in sterilized water for 3 min, and sown at 5 cm deep in plastic pots containing 2 kg of sterilized soil and sand in a 3:1 mixture. Upon seedling emergence and three weeks after emergence, the substrate in each pot was fertilized with 100 mL of nutrient solution containing (mg/L) 104. 42 
Soil infestation with Pochonia chlamydosporia
To obtain the inoculum of P. chlamydosporia, the monosporic cultivation of the fungus strain Pc-10 (Pc) was performed on potato-dextrose-agar medium. A concentrated suspension of chlamydospores was diluted and adjusted to a concentration of 5,000 chlamydospores/mL. At the 27 th day after the seedlings' emergence, the soil in each pot was infested with 5,000 chlamydospores/g of soil to constitute the treatments that received Pc. 
Application of resistance inducers
The treatments were the following: distilled water (control), 0.5 mM jasmonic acid (JA; Sigma-Aldrich, São Paulo, Brazil), 1.0 mM Acibenzolar-S-Methyl (ASM; Bion; Syngenta, São Paulo, Brazil), and 0.5 mM ethephon [(2-chloroethyl) phosphonic acid] (Et; Sigma-Aldrich, São Paulo, Brazil). Thirty-days old plants were sprayed with distilled water or with the inducers using a manual atomizer at 72 h after the soil infestation with Pc and at 48 h prior to the inoculation with M. javanica. Plants from each treatment were kept in different chambers for 12 h.
Soil infestation with Meloidogyne javanica
At 48 h after applying inducers, a total of 200 J2 M. javanica, obtained from infected tomato roots by the methodology described by Baernmann [26] , were introduced into 3 cm-deep holes around the plant collar region in each pot. The number of galls (NG) per root of each plant was determined at the 30 th day after the pathogen inoculation (dai).
Determination of peroxidases (POX, EC1.11.1.7), polyphenoloxidases (PPO, EC 1.10.3.1) and phenylalanine ammonia-lyases (PAL, EC 4.3.1.5) activities
Root samples from three plants per treatment were collected at 24, 96 and 168 h after the pathogen infestation (hai). The root samples were kept in liquid nitrogen during the sampling process and then stored at -80 °C until further analysis. To obtain the extracts used to determine the activities of PPO and POX, a total of 1 g of root tissue was macerated with liquid nitrogen in a mortar with the addition of polyvinylpyrrolidone (PVP) 1% (w/v) to obtain a fine powder. The powder was homogenized in 2 mL of 100 mM sodium phosphate (pH 6.8) containing 1 mM phenyl methyl sulfonic fluoride (PMSF) and 0.1 mM EDTA. The homogenized material was centrifuged at 20,000 g for 15 min at 4 °C, and the supernatant was used to determine the enzyme activities.
The PPO and POX activities were determined by the oxidation of pyrogallol according to Kar & Mishra [27] . For the PPO activity, the mixture was composed of 450 μL of distilled water, 250 μL of 100 mM potassium phosphate buffer (pH 6.8), and 200 µL of 100 mM pyrogallol, which was added to 40 µL of the root extract. The absorbance was measured in a spectrophotometer at 420 nm every 10 s for 1 min after the addition of the extract to the mixture. For the POX activity, a mixture of 250 μL of distilled water, 250 μL of 100 mM potassium phosphate buffer (pH 6.8), 200 µL of 100 mM pyrogallol, and 200 μL of 100 mM hydrogen peroxide was added to 30 µL of the root extract. A molar extinction coefficient of 2.47 mM -1 cm -1 was used to calculate the POX and PPO activities, which were expressed in mmol of produced purpurogallin (mmol min -1 mg -1 protein) [28] . To obtain the extract used to determine the PAL activity, a total of 1 g of root tissue was macerated with liquid nitrogen in a mortar, with the addition of 2 mL of 50 mM sodium borate (pH 8.3) that contained PVP1% (w/v), 1 mM PMSF, and 0.1 mM EDTA. The homogenized material was centrifuged at 20,000 g for 15 min at 4 °C, and the supernatant was used for the enzyme determination. The PAL activity was assessed by adding 100 µL of the extract to a mixture containing 350 µL of Tris-HCl (pH 8.8, 25 mM) and 550 µL 100 mM L-phenylalanine. The reaction mixture was incubated in a water bath at 40 °C for 4 h. In the control samples, L-phenylalanine was replaced with Tris-HCl buffer. The reaction was finalized by adding 60 µL of 6 N HCl. The absorbance of the trans-cinnamic acid derivatives was measured in a spectrophotometer at 290 nm, and a molar extinction coefficient of 10 4 mM -1 cm -1 was used to calculate the PAL activity, which was expressed in mol h -1 mg -1 protein.
Experimental design and data analysis
A 2 × 3 factorial experiment (-Pc and +Pc and the inducers ASM, MeJa, and Et) was arranged in a completely randomized design with four replications to evaluate the NG. A parallel experiment was carried out to obtain samples for the biochemical analysis using only the control treatment (water spray), Pc, Mj, and Pc + Mj. The NG data were analyzed with an ANOVA, and the means of the treatments were compared with the Scott-Knott test (P < 0.05). Data from PPO, POX, and PAL activities were subjected to an ANOVA, and the means were compared with Tukey´s test (P < 0.05). All of the analyses were performed using the R software (v. 
RESULTS AND DISCUSSION
Induction of resistance
Several studies have investigated the use of microorganisms and chemical compounds to induce plant resistance to infection by plant nematodes [29, 30] . In the present study, the interaction Pc × inducers was significant (P < 0.05) for the NG. Moreover, the NG was significantly reduced by 69% on +Pc plants in comparison to -Pc plants, while ASM, MeJa, and Et did not affect the NG regardless of the presence of Pc (Table 1) .
The reduction in the NG observed was possibly the result of a local resistance triggered by Pc, and not by the direct action of this fungus. This finding is supported by the use of J2 stage as the source of inoculum and by the duration of the experiment, which did not allow a direct parasitism of Pc against the eggs of M. javanica nor the additional gall formation resulting from its reproduction. Local host resistance to nematodes has been reported in the interaction of some plant species with other fungi. This resistance was specifically observed with M. incognita and X. index in tomato and grapevine, respectively [11, 14] . Concerning the chemical inducers, the application of ASM, MeJa and Et could have interfered with the colonization process by Pc, thereby hindering a possible induction of tomato resistance to Mj promoted only by the application of Pc. Three types of plant response to resistance inducers upon fungal infection are reported, being the inhibition of root colonization [31] , transitory reduction in fungal colonization [32] and plant insensitivity to fungal colonization [33] . Thus, one of these plant responses may have occurred in the Pc colonization.
In the present study, the application of ASM, MeJa, and Et on the aerial part had no significant effects on the NG on tomato roots. Similarly to the aforementioned results, the application of chemical inducers was not able to trigger host resistance either against M. incognita on tomato or against R. reniformis and M. javanica on pineapple [29, 34] . In a study conducted by Sanz-Alférez et al. [35] , the application of AS did not result in tomato resistance to M. javanica, which corroborates the findings of the present study.
To explain the aforementioned result, it is worth mentioning that the efficacy of resistance inducers in triggering host resistance against root-knot nematodes is mainly dependent on the location, amount and concentration of the inducer, which will determine the amount of the chemical absorbed by the plant [36] . In the present study, the inducers were applied to the leaves and not to the soil, so as to avoid any possible direct inhibitory effect on the fungus and nematode. Therefore, one of these factors related to the application site or the dosage may have influenced the triggering of the systemic resistance by the chemical inducers.
Defense enzyme activities
Relative to defense enzyme activities, at 24 and 96 hai, the PPO activity in the plants from the Pc + Mj treatment significantly increased in comparison to the activity in the plants from the other treatments (F = 7.0171; df = 3, 8; P ≤ 0.05) (Figure 1a) . At 168 hai, the PPO activity was significantly lower in the plants from the Mj treatment in comparison to the activity in the plants from the Pc and Pc + Mj treatments (F = 8.1214; df = 3, 8; P ≤ 0.05) (Figure 1a) . Since the PPO contributes to the defense of the plant cells through the oxidation of phenolic compounds and their conversion into quinone, which is extremely toxic to nematodes [37] , the high PPO activity in Pc + Mj treatment might have affected the nematode penetration and mobility in the roots or the formation of nematode feeding sites. Such compounds could possibly act against Mj, considering a peak in PPO activity at 96 hai. For plants treated with Pc or Mj, PPO activity was similar to what was observed in plants from the control treatment at 24 and 96 hai. However, there was an increase in the PPO activity in the roots exposed to Pc and infected by Mj, which might reflect a possible occurrence of priming as reported for other host-parasite interactions [38] . A similar finding was reported by Hao et al. [14] in the induced resistance of grapevine to X. index triggered by the fungus Glomus intraradices Schenck & Smith.
The POX activity at 24 hai was significantly higher in the plants from the Pc+Mj treatment in comparison to the activity in the plants from the Mj treatment (F = 4.5714; df = 3, 8; P ≤ 0.05) (Figure 1b) . This enzyme is involved in the polymerization of phenolic compounds, which results in an increased lignification of tissues [39] . Thereby, the POX activity in plants from the Pc + Mj treatment at 24 hai might have affected the nematode penetration or movement by the strengthening of the root tissue. According to Zinov'eva et al. [40] , some POX isoforms were able to inactivate the compounds produced by Meloidogyne at the J2 stage, such as the oxidation of toxins and degradation of hydrolytic enzymes, which were essential to allow the nematodes' penetration and migration into the host's roots [41] . It is known that PAL catalyzes the deamination of the L-phenylalanine amino acid with the formation of trans-cinnamic acid, which is the precursor of several types of phenolic compounds in the phenylpropanoid pathway, where lignin is the final product [42] . The high PAL activity at 168 hai in the plants from the Mj treatment (Figure 1c ) might reflect a delay in the host defense, which facilitates, therefore, any deleterious effects of the infection caused by the pathogen [43, 44] (F = 4.5793; df = 3, 8; P ≤ 0.05).
CONCLUSIONS
In conclusion, P. chlamydosporia was able to control M. javanica in tomato roots through the induction of local resistance, which was mediated by the action of polyphenoloxidases and peroxidases. The next step in this study will be the quantification of the expression level of genes involved in the defense pathways triggered.
